A b s t r a c t
The world's market of functional foodstuffs is a permanently growing sector. Functional foods should meet the nutritive requirements of the consumers and render therapeutic and/or preventive effects on human health. Functional eggs enriched with different bioactive substances are one of the most voluminous segments of this market (N. Shapira, 2010). High rate and flexibility of avian lipid metabolism allow fast modifications in egg yolk composition via corresponding alterations in the diets of laying hens. In the last decades nutritionists pay increasingly close attention to ω-3 polyunsaturated fatty acids (PUFAs), primarily -linolenic (ALA, C18:3), eicosapentaenoic (EPA, C20:5), and docosahexaenoic (DHA, C22:6) acids due to the benefits for human health and necessity for brain development, retinal function, prevention of cardiovascular diseases, etc. (A. Simopoulos, 2001 ); human diets in most countries including Russia are severely deficient in these essential fatty acids. Flexibility of avian lipid metabolism allows transfer of dietary PUFAs into eggs after 1-2 weeks of feeding PUFA-enriched diets (C.O. Leskanich, R.C. Noble, 1997). However, any increase in PUFA contents in dietary lipids can lead to definite changes in lipid metabolism in layers affecting productivity and egg quality: a decrease in blood level of total fat and triacylglycerols, an increase in hepatic level and catabolism of triacylglycerols which can cause the fatty liver hemorrhagic syndrome (FLHS), as well as the decrease in yolk and egg weight (M.E. Van Elswyk, 1997). Another common problem related to egg enrichment with ω-3 PUFAs is fishy taint phenomenon: panel tests often characterize enriched eggs as smelling fish-like, and this effect deteriorates market attractiveness of these eggs (F. Bubel et al., 2011) . Diets for laying hens for the production of ω-3 PUFA enriched eggs usually contain one of the three types of dietary PUFA sources. The first is fish oil from different species; its advantages include higher levels of long-chain PUFAs (LC-PUFAs), primarily EPA and DHA, in resulting enriched eggs. Major disadvantages of fish oil, however, are instability of composition and high susceptibility to oxidation; frequent appearance of fishy taint even at the lowest levels of inclusion into the diets; relatively high price, market availability, and contamination with typical oceanic pollutants (I. Fraeye et al., 2012). The second type of additives is flax products, seeds, cake or oil containing substantially lesser amounts of LC-PUFAs compared to fish oil while being extremely rich in ALA (over 50 % of total fatty acids); ALA-enriched lipids in diets, layer body and eggs are more resistant to oxidation. The data of numerous studies suggests that reasonable level of inclusion of flaxseed products into the diets for layers are 5-8 % for seed and cake and 3 % for oil; these doses are reportedly beneficial for productivity and egg quality (E.M. Goldberg et al., 2013) . In Russia flax products are available and inexpensive, and can therefore represent the most profitable dietary source of ω-3 PUFA for layers. The third type additives are macro-and microalgal species which are less available and still understudied, though the recent research data show that these additives can be the most promising dietary sources of ω-3 PUFA (J.H. Park et al., 2015) . Enrichment of feeds and eggs with ω-3 PUFA requires additional dietary antioxidants to prevent lipid oxidation (Ch. Nimalaratne, J. Wu, 2015) ; the most efficient and well-studied antioxidant is vitamin E which is, after that, a valuable bioactive substance per se for egg enrichment. The data of
The market of functional egg products (yolk, melange, etc.) is also beginning to develop, but in volume it is much inferior to the market of whole eggs [18] . In processing, bioactive substances that are not obtained or disadvantageously introduced into the egg can be added to egg products. In fact, the transfer of vitamin C and certain micro elements (Cu, Zn) from feed to eggs is ineffective and does not ensure their sufficient enrichment [10] .
ω-3-Polyunsaturated f a tty a cid s. Currently, the fatty acid composition of the diet, especially essential fatty acids (FA), primarily polyunsaturated fatty acids (PUFAs), is receiving increasing attention. Indeed, linoleic PUFA (LA, C18:2ω-6) and -linolenic (ALA, C18:3ω-3), irreplaceable for humans and most animals, are not synthesized in the body from more saturated acids due to the lack of Δ 12 desaturase [19] . LA and ALA from the diet can serve as precursors in the biosynthesis of PUFAs with longer carbon chains (long-chain PUFAs, LCPUFA). Some physiologically important PUFAs, for example docosahexaenoic (DHA, C22:6ω-3) or -linolenic (GLA, C18:3ω-6) acids, are conventionally indispensable, since they are not synthesized at a certain stage of ontogenesis or in some diseases [20, 21] .
Physiologically significant PUFAS form ω-3 and ω-6 series (according to the position of the first double bond, counting from the final methyl group). The most important ω-6-PUFAs, in addition to LA, are GLA, long-chain dihomo--linolenic (DGLA, C20:3ω-6) and especially arachidonic (AA, C20:4ω-6) acids. Long-chain DHA and eicosapentaenoic acid (EPA, C20:5ω-3) are distinguished in the ω-3-PUFAs group along with ALA. Physiological and biochemical functions of ω-3-and ω-6-PUFAs are individual, but competition is possible between them. For example, the use of elongase (elongation FA molecule) and desaturase (can catalyze the appearance of double bonds) in the formation of LCPUFA of both series from the corresponding PUFAs (LA or ALA), as well as in the biosynthesis of eicosanoids (prostaglandins, thromboxanes, prostacyclins, leukotrienes, resolvins, ect), the signaling molecules involved in processes associated with inflammation and other forms of immune response, regulation of cell growth, blood pressure control, etc. Often, the functions of eicosanoids synthesized from the FA series -3 and -6 are opposite [22] , so not only the absolute level, but also the ratio of these acids in the rations are important. For example, with an increase in the fraction of -3-PUFAs, the biosynthesis of AA and its derivatives, pro-inflammatory eicosanoids [23] , decreases.
As optimal, different ratios of -6 and -3-PUFAs (1:1, 3:1 and 6:1) are reported [24] . In the countries where the consumption of fish rich in ω-3-PUFAs is traditionally high (for example, in Japan), and the incidence of cardiovascular disease is very low, this ratio is close to 4:1 [25] . The 4:1 ratio in the diet leads to a 1:1 ratio in the cell membranes [26] . In developed countries, the indicator for the diet is excessively high reaching from 10:1 to 25:1 [27) . Modern diets for poultry based on maize and other grains are also redundant in ω-6-PUFAs (the content of ALA is very small, and DHA and EPA are practically absent) [28] . The vegetable oils used (corn, soybean, sunflower, rapeseed) also contain significant amounts of ω-6-PUFAs (primarily LA) and few ω-3-PUFAs [29] , except some rapeseed varieties [30] . Therefore, in the edible egg, the ratio of -6-and -3-PUFAs is much higher than the optimal one [31] . It was also noted that in white laying hens, ω-3-PUFAs are deposited more effectively than in brown eggs [32] .
To successfully enrich in ω-3-PUFAs, it is required, first, to use a source with their high bioavailability, which does not have a significant negative effect on health, well-being of laying hens, egg production and egg quality, including taste and smell; second, to control -6-and -3-PUFAs in both the diet and the final product. The problem is also the susceptibility of objects to oxidation with a high proportion of PUFAs (especially with 4-6 double bonds).
In addition, it is important to determine which ω-3-PUFAs are advisable to enrich the egg. In an adult human, the efficiency of bioconversion of ALA in ω-3-LCPUFA (in DHA and EPA) in the liver is less than 5 %; in chickens, it is also low [33, 34] , and not only in the liver. Studying in vitro the formation of AA and DHA from 14 C-labeled LA and ALA (C18) upon incubation with fragments of the yolk sac membrane of the chick embryo, where the activity of  9 and  6 desaturase was detected [35] , the authors expected to reveal the biosynthesis of LCPUFA in transport of yolk lipids through the perivitelline membrane to improve the supply of embryos. However, the bioconversion of both precursors was only 4-8 %, while the main amount of the label after 4 hours was in the fraction of triglycerides and phospholipids of the perivitelline membrane [35] .
Intermediate products of conversion of ALA to DHA, the eicosatrienic ETA (C20:3ω-3) and docosapentaenic DPA (C22:5ω-3) acids, were found in eggs enriched with both ALA and LCPUFA, and of LCPUFA the DHA was most effectively deposited [36] . The high amount of LCPUFA in the diet reduced the effectiveness of bioconversion of ALA to DHA in the liver [36] . The affinity of the  6 desaturase to substrate FA was enhanced with an increase in the number of double bonds [37] , indicating the advantage of the most unsaturated LCPUFA (EPA, DPA) before ALA in competition for desaturase. Perhaps, therefore, reports of the simultaneous introduction of sources of ALA and LCPUFA (for example, a mixture of flaxseed oil and fish oil) into the diet are few, and their results are not of interest [38] . In a number of studies, the intermediate products of elongation and desaturation of FA were not determined and not taken into account in the total index for ω-3-PUFAs, although, in our opinion, a stepwise assessment of the change in the concentrations of such products would be informative.
Reduction of oxidative stability with increase in the percentage and unsaturation of PUFAs (including ω-3) in feeds and liver tissues can lead to the formation of oxidation products harmful for poultry and their transfer to eggs, and in eggs -to a faster lowering quality during storage and/or cooking. J.M. Miranda et al. [39] confirm that the oxidative damage of the yolk is associated only with the direct deposition of oxidized lipids from the diet (from the storage of eggs the lipids do not oxidize), and, however, refer to the paper [40] , which shows a decrease in the concentration of substances reacting with thiobarbituric acid (SRTBA, the total concentration of oxidation products of lipids, especially malonic dialdehyde MDA) in eggs after storage for 60 days at 4 C. The authors of the study [40] believed that the observed effect is most likely due to the reaction of MDA with other egg substances and, possibly, partial polymerization of MDA, which reduces SRTBA. A decrease in SRTBA during storage was reported in other publications [41] [42] [43] , nevertheless, a steady increase in this indicator was reported as well [44] [45] [46] . Thus, the conclusion of J.M. Miranda et al. [39] on the unconditional oxidative stability of yolk lipids in stored eggs is not sufficiently substantiated.
The hypothesis of the transport of oxidized fats from the liver to the yolk has already been advanced [47] . In a number of cases, the values of SRTBA in the liver of layers were increased in response to feeding fish oil [47] or flaxseed [48] . The MDA in a fresh-laid egg in the presence of an antioxidant, the vitamin E, in fodder is also reported [49] . Indeed, the oxidation of yolk lipids is possible, since gas exchange through the shell [50] and the diffusion of water from the protein into the yolk [51] do not cease even at a lower storage temperature. On other hands, liquid-phase extraction of lipids for the TBA test can cause oxidation upon solvent distillation, regardless of the presence of antioxidants [52] .
The problem of oxidative stability in the enrichment of PUFAS is usually solved with the use of antioxidant stabilizers (selenium, vitamins E and A, carotenoids, etc.), which themselves are valuable BAC for humans and animals and can be added to feed (and, consequently, transferred to eggs). Another recommended technology is to reduce the storage of PUFAs sources and feed the poultry as freshly prepared products as possible with minimal oxidized lipids [53] .
In rations, flax (seed or oil) and fish oil of a suitable fatty acid composition as available sources of ω-3-PUFAs [54] are most often used, and marine micro and macro alga have also been proposed. However, with the use of all additives, general (and specific for each) negative consequences for the health of the bird and the quality of eggs are possible. C ha nge s in the metabo lism of lip id s a nd a d ecrea se in the yo lk we ig ht in the enr ichmen t w ith ω-3-PUFAs. This effect was reported by many authors. Thus, in the groups receiving fish oil, the reduction was about 3 g, and it was evaluated as useful, especially for the laying hens post molting [55] because of a decrease in the percentage of large eggs with low quality shells, which in many countries are categorized as low-grade [56] . In other experiments, no decrease was observed. Indeed, on the ration with 3 % linseed oil, the analyzed indicator significantly (p < 0.05) increased (from 62.88 to 65.28 g), and the egg production was slightly below the control [57] .
The decrease in yolk weight and blood lipid level in laying hens during prolonged feeding sources of ω-3-PUFAs is possibly associated with changes in fat metabolism. In mammals, an increase in the proportion of ω-3 PUFAs in the diet leads to suppression of lipid biosynthesis in the liver, enhancement of their -oxidation in peroxisomes, and subsequent reduction in blood lipids of different fractions [58] . Poultry also had lipid lowering (a reduction in the amount of total fat and triglycerides in the blood) when feeding flaxseed [59] or fish oil [55, 60] . Later this hypothesis received a nutrigenomic confirmation. Cod-liver oil as a source of LCPUFA caused an increase in the expression of transcription factors involved in the biosynthesis and catabolism of FA in the liver, namely of the -type receptor activated by peroxisome proliferators (PPAR), and the sterol regulatory element-binding proteins (SREBPs) [61] , leading to lipid lowering and liver lipidosis. Another hypothesis [62] linked the regulation of observed changes in fat metabolism with the effect of endogenous estradiol, although the mechanism of such influence remained unclear for the authors. A hypothesis based on the effect of flax phytoestrogens on laying hens is partly associated with this assumption [63] . In mammals, phytoestrogens (secoisolariciresinol diglycoside and matairesinol) are metabolized by the microflora of the large intestine with production of mammalian lignans, the enterodiol and enterolactone, that exhibit estrogenic and anti-estrogenic effects due to structural similarity to endogenous estrogens [64] . In pullets who received flaxseed, these lignan metabolites were also detected and blood estradiol concentration decreased (up to 30 %) [65] . Perhaps this is why, when feeding flaxseed, egg production is reduced only at the beginning of oviposition, as the hormonal balance and lipid metabolism are not yet fully adapted to the requirements of laying and are particularly sensitive to any effects. Besides, using aminoglutethimide to suppress the biosynthesis of estradiol, it has long been shown that blood estradiol concentration affects the weight of eggs and yolk rather than egg production [66] , which, with long-term feeding of flaxseed, generally remains lower compared to control.
Me ta b o lic syn d ro me o f live r f a tne s s. Fatty liver hemorrhagic syndrome (FLHS) observed in laying hens at high energy rations is characterized by a high level of different lipid fractions, especially triglycerides, increased fatty infiltration of hepatocytes, hemorrhages with consequences up to lethal. The etiology of the syndrome is not fully understood, although it is known that in birds predisposition to this is related to the fact that birds (unlike mammals) de novo FA biosynthesis occurs only in the liver, so the chylomicrons formed in the intestine are absorbed directly into the portal vein and practically do not enter other tissues [67] . Factors influencing the manifestation of this syndrome in laying hens are housing, genotype, diet composition, hormonal and antioxidant statuses [68] . The relationship between FLHS and the level of ω-3-PUFAs in the diet of laying hens [69] [70] [71] can not be considered clearly established, since such a relationship was not found in other studies either in visual assessment of liver status and hemorrhage index [48, 72] or in histological studies [59] . The available data indicate rather a relationship between the manifestation of FLHS and the amount of total triglycerides (regardless of their fatty acid profile) [73, 74] .
"F ishy " sme ll o f e g g s. The appearance of eggs, which smell like stale fish, is associated with the inclusion in the diet of not only fish products, but also, for example, flax or rape oil or oilcakes. The unpleasant smell substantially reduces the demand for ω-3-PUFAs enriched eggs and egg products [54] . However, the organoleptic properties do not clarify either the chemical nature of the substances that cause the smell, or the cause of its appearance. A tasting assessment is more a marketing one than a biological or technological indicator that reflects changes that may or may not be related to PUFAs. Trimethylamine (TMA), which along with bioamines (putrescine, cadaverine, etc.) is released when the fish products are naturally spoiled, are the only well-studied substance that causes a truly fishy smell of eggs [75] . TMA is a product of some microorganisms of the distal part of the small intestine (including cecums) in chickens [76] . There are chicken genotypes predisposed to fishy smell of eggs due to the high frequency of A-T single-nucleotide polymorphism in exon 7 of FMO3 (flavin-containing monooxygenase 3) gene; interestingly, this recessive mutation is found almost exclusively in brown laying hens [77] . In humans and cattle, this mutation causes trimethylaminuria, i.e. a fishy smell of breathing and (or) the human body or milk of cows. Due to this mutation, the liver shows complete or partial deficiency in TMA oxidase, necessary for TMA oxidation to almost odorless and non-volatile TMA-N-oxide (TMAO). As a result, in chickens TMA secreted by intestinal bacteria is not oxidized in the liver to the N-oxide and is not excreted by the kidneys, which occurs normally, but accumulates in the ovarian follicles. Expression and heritability of the mutation is enhanced by prolonged diets with high proportion (12-24 %) of rapeseed oilcake acting as a nutriogenetic trigger, in this, choline, the main precursor in bacterial synthesis, unlike rapeseed, does not affect the deposition of TMA in the egg [78] . The observed nutriogenetic effect is explained by the action of the anti-nutrient factors of rapeseed glucosinolates that inhibit the expression of hepatic TMA oxidase and are also present (however, in much smaller amounts) in flaxseed. However, in none of the studies TMA has yet been identified as the main cause of fishy smell. It was reported that in hens with trimethylaminuria, breathing often have this smell [76] , but this fact has not been noted in papers reporting findings in enriching eggs with PUFAS.
Thus, in most cases, for the time being, only the connection of the fish smell of eggs with the products of oxidation of PUFAs-rich lipids is assumed, and the presence of antioxidants does not always eliminate the problem. Earlier it was reported that fish oil in the laying hen's diet affects the content of 23 out of the 42 volatiles studied in the egg, and the possibility was discussed of the appearance of a fishy smell as a sensory resultant of quantitative change of several of these substances [79] . The appearance of fish smell in milk fat during oxidation is specifi-cally associated with volatile compounds of aldoketone nature with conjugated diene fragments in hydrocarbon chains [80] . Similar compounds, for example 2,4-heptadiental, are found among products of spontaneous oxidation of fish oil during storage, and the authors also identify their smell as "fishy" [81] . Theoretically, the oxidation of PUFAS (and to a greater extent, LCPUFA) can give similar compounds and may be associated with biochemical mechanisms of fish egg odor, but this phenomenon and the development of countermeasures require special studies.
We note that only a very small number of papers contain a complex of such indicators as the fatty acid composition of sources and rations, the content of all target FA in blood, liver and eggs, the ratio of ω-6-and ω-3-PUFAs, organoleptic evaluation, etc., so the results, which are often contradictory, are difficult to compare. Data on the productivity of layers is also ambiguous. Therefore, it would be useful to create an international database of experimental data, which allows us to conduct statistical studies of information files.
So ur ce s of ω-3-PUFAs in r a tio n s of la yin g he n s. Cod-liver oil. This is the first and most studied target source of ω-3-PUFAS. Its main disadvantages are instability of composition, including that due to high oxidation ability, which is accompanied by a fishy smell of eggs and meat. The problem is overcome only partially, which has led to interest in the study of flax as an alternative source of less unsaturated lipids [82] .
As the used additive, the fat from the American herring, menhaden (Brevoortia tyrannus), prevails. However, it is known that, due to instability in species composition of the catch, seasonal fluctuations in fish condition, high predisposition to oxidation due to a significant share of LCPUFA with a large number of double bonds (EPA, DHA), the composition of fish products (fat and flour) differs markedly not only between species of fish but also between batches from one supplier [83] . In Australia, a number of commercial fish oil preparations (even encapsulated ones) turned out to be highly oxidized (the concentration of oxidation markers exceeded the permissible levels), only 2 of 32 samples examined EPA and DHA met the specifications, and in the rest were lower than those declared by the manufacturers [84] .
The next and main disadvantage of fish oil, even at low dosages, is fishy smell of eggs [82] . The deodorization of the additive did not improve the organoleptic characteristics of eggs, e.g. 2, 4 or 6 % of dietary fish oil led to significantly higher scores on the analyzed index, and no significant differences were found between the deodorized and non-deodorized forms [85] . At that, as in many other works, a significant (p < 0.05) linear decrease in the weight of eggs with an increase in the dose of dietary fish oil (by 3-4 % at a dose of 6 %) was noted. The use of deodorized fish oil significantly increased the deposition of the sum of ω-3-PUFAS in eggs (343 against 246 mg/yolk at doses of 6 % against 53 mg/yolk in the control). Perhaps, deodorized fat is more attractive for laying hens (the consumption of feed in such groups is 105 versus 101 gŁhead  1 Łday  1 ), which leads to a difference in the sum of ω-3-PUFAs in rations (17.82 and 15.88 g/kg vs. 2.39 g/kg in the control). Encapsulation of fish oil also does not exclude the appearance of a fishy smell. In White Leghorns, of 2, 4 or 6 % of dietary microencapsulated fish oil tested, even a 2 % dose significantly worsened the odor in 3 weeks compared to the control, although the total amount of ω-3-PUFAs significantly and linearly increased from 141 for control to 299 mg/yolk for 6 % of fish oil [86] . Do not forget that deodorization or microencapsulation of fish oil significantly increases the cost of the feed additive.
Finally, fish oil is produced mainly from commercial fish, whose stocks are falling in many countries, and additionally, contamination with heavy met-als, polychlorinated biphenyls and other hazardous pollutants is increasing [87] . This leads to a reduction in market availability and a rise in the cost of quality fish oil for feed production.
Importantly, the data on the effectiveness of fish oil application are ambiguous. Thus, when 1.5 % of fish oil was added to laying hen ration, their productivity and the main quality parameters of eggs were kept within control limits [88] . In other experiments, with a fish oil dose of 3 %, the chick's productivity did not change, but the sum of ω-6-PUFAs decreased reliably (p < 0.05), the amount of DHA and EPA increased (from 0.19 to 3.21 % and from 0.00 to 0.18 %, respectively), and ω-6-PUFAs/ω-3-PUFAs ratio decreased from 33.52 to 2.55 compared to the control eggs [89] . It is now recognized that the proportion of fish oil in the diet for enriching eggs with ω-3-PUFAs should not exceed 1.5 % [90] . The same is confirmed for cod-liver oil. In ducks, 5-6 % of dietary oil led to a significant and reliable increase in the scores of eggs for fishy smell, but at a smaller dosage (2-4 %), this was not noted. Productivity of ducks remained within control, except for a small decrease in egg weight at 6 % dose [91] .
Flaxseed oil and seed. More than half of FA in the flaxseed lipids is in ALA, and as a source, flaxseed has no equal [92] . Due to the lack of availability in the market and the relatively high price, the flaxseed oil are used less often in feeding birds than seeds or oilcakes [93] . The whole seed contains about 40 % fat, 20-25 % protein and 3-10 % sticky substances; the latter, along with the lignan phytoestrogens, linatinum (pyridoxine antagonist) and linamarin (cyanogenic glucoside), are among the main anti-nutrient factors of flax [94] . Producers usually recommend flax seeds as an additive to adult fodder at a dose not more than 10 % [93] and processed seeds after grinding, autoclaving, granulation, extrusion, microwave heat treatment, etc., which increases the availability of protein and ω-3-PUFAs [95, 96] . When feeding small gravel or shells, the bird very effectively grinds whole seeds in the muscular stomach [97] .
The water-soluble seed adhesives, consisting mainly of neutral arabinoxylans and acidic pectin-like fractions, which are contained primarily in seed coats, can, like phytoestrogens, adversely affect productive parameters in laying hens. Arabinoxylans can significantly increase the viscosity of chyme, reducing the effectiveness of dietary nutrients [98] . It is known that the content of nonstarch polysaccharides in linseed is higher than in rapeseed [99] , and rations with rapeseed should be enriched with the enzymes that decompose non-starch polysaccharides [100] . Unfortunately, there are few such studies on flax, and they are not mentioned in the literature on egg enrichment with ω-3-PUFAs. However, it was reported that when feeding 15 % of linseed to laying hens from 39 to 63 days of age, the enrichment of the ration with the multi-enzyme Superzyme ® -OM complex (Canadian Bio-Systems Inc., Canada) that cleaved non-starch polysaccharides significantly improved egg production (from 78.0 to 80.9 %, p < 0.01) and feed conversion (from 2.15 to 2.03 kg/kg, p < 0.001), while feeding the same dose of flaxseed without the enzyme reduced the egg production and shell weight compared to control without flax and the enzyme. When using the enzyme, a significant (p < 0.01) increase was recorded in total ω-3-PUFAs (from 546 to 578 mg per egg for an egg weight of 60 g) and in DHA (from 91.8 to 101.9 mg) [101] . It is not excluded that multi-enzyme additives in combination with high flaxseed ratio can improve production of eggs enriched with ω-3-LCPUFA, but so far the question of the organoleptic qualities of such a product remains open.
It is estimated that for every 1 % of dietary flaxseed, ω-3-PUFAs amount increases by about 40 mg/egg [102] . High doses of flaxseed can increase ALA up to 200 mg/egg, DHA up to 90 mg/egg [90] . Consequently, it is practically advisable a dosage of no more than 5 % for flaxseed and no more than 3 % for oil, because at lower doses, the content of the target FA in the egg will be insufficient, whereas larger ones can adversely affect layer productivity and egg quality in the absence of a noticeable increase in total ω-3-PUFAs, since the plateau has already been reached [103] . A limit flaxseed dose of 8 % established in the 1990s [104] currently seems too high (due to the impact on productivity and fishy smell). According to most researchers, in moderate amounts flaxseed does not affect the egg production, except early productive period [69] .
Comparing the effect of a standard diet rich in ω-6-PUFAs (especially LA) and the same diet enriched with ALA by adding 5 % of the extruded flaxseed, it was found [105] that total ω-3-PUFAs in the egg was 3.8 times higher than in the control (258.2 vs. 67.3 mg/egg), ALA was 6.4 times higher (156.7 vs. 24.5 mg/egg), and DHA was 2.4 times higher (101.6 vs. 42.8 mg/egg). A 3.6-fold decrease in ω-6-PUFAs/ω-3-PUFAs, a 5.7-fold decrease in LA:ALK, and 3.0-fold decrease in AA:DHA were also noted. After a week diet enriched with ALA, total ω-3-PUFAs increased 3.4-fold, being in 3 and 5 weeks 3.7 times and 4.0 times higher, respectively, compared to control. In introduction of 0, 5, 10, 15 and 20 % of unroasted or roasted dietary full-fat flaxseed [106] , it was found that unroasted seeds declined egg production in chickens while the best (although unreliable) egg-laying rates were noted in groups receiving 5 or 10 % of roasted seeds (93.82 and 93.35 % vs. 92.71 % in the control). The weight and color of the yolk remained in all groups within the control indicators. The PUFAs content reached a plateau at doses of both additives of 15 %, with 2.9-fold increase for DHA, 4.0-fold increase for DPA, 5.5-fold increase for EPA, and 9.8-fold increase for ALA, and not 10 % reported in other works. The authors attribute this to the unusually low proportion of ALA (38.43 % of FA) in the flaxseed used and note that the flaxseed roasting did not significantly improve the deposition of PUFAs in the egg. Study of the rations with linseed oil (1.5, 3.0 and 4.5 %) [107] showed that its use at a dose of 3 % instead of corn, soybean meal and fish meal increased the deposition of ω-3-and ω-6-LC 2.54 times (0.2 mg/ml egg volume). ALA increased 1.55 times, EPA increased 0.15 times, docosapentaenic acid (C22:5) concentration increased 1.6 times, and DHA was 3.22 times higher. The protein quality (Haugh units) in the group with 3.0 % of dietary linseed oil was 81.3 % and was higher than in other groups, i.e. 80.8 % for the control and 4.5 % oil, and 80.0 % for 1.5 % oil (interest in the quality of the protein is not completely understandable).
Of the beneficial effects of dietary flaxseed, it should be noted the increase in IgY concentration in eggs: when feeding 10 % of linseed oilcake, it significantly (p < 0.05) increased from 10.4 to 12.0 mg/g yolk [108] . In this experiment, the egg production was significantly (p < 0.05) higher than in control, however, the egg weigh, relative shell weight (%) and shell thickness decreased with the same reliability. Recently, an increase in the counts of useful lactobacilli in the intestines of layers that received 0.5 or 1.0 % linseed oil was also reported [109] .
Water plants. Alternative sea sources of ω-3-PUFAs attract researchers, since some auto-and heterotrophic micro-algae produce quite significant amounts of these FA, primarily EPA and DHA. The fatty acid profile in a number of species Phaeodactylum and Nannochloropsis (produce EPA up to 40 % of total FA), Thraustochytrium and Schizochytrium (synthesize significant amounts of DHA up to 30-40 % of FA), as well as some Chlorella species (produce significant amount of ALA) [110] are most studied. In aquaculture, it is possible to increase the FA deposition, including targeted ones, by controlling the composition of the growth media and conditions [111] . Water plants are a valuable source of protein for farm animals [112] . In addition, significant quantities of oily substances remained as a by-product after PUFAs extraction from algae could be used in production of diesel biofuels [113] . -carotene, canthaxanthin, astaxanthin, etc.) . In laying hens, they improve yolk color and antioxidant status of eggs [114] . Algae contain various trace elements, but the effectiveness of algae as dietary source of trace elements for poultry and the influence on the mineralization of egg shell have not been practically studied [115] ). When feeding algae Schyzochytrium (0.5 % and 1.0 %) from week 40 of life for the next 6 weeks [115] , the egg production approximated the control, and the quality of the shell and the color of the yolk improved. The blood triglycerides and total cholesterol significantly decreased in both experimental groups, DHA concentration in the eggs significantly increased (from 0.70 % in the control to 0.75 and 0.88 % for two doses of the additive), and ω-6-PUFAs/ω-3-PUFAs value significantly decreased (from 11.36 in the control to 8.20 and 6.08).
It turned out that the use of algae as a dietary source of ω-3-PUFAs is also associated with the problem of fishy smell. When comparing flaxseed and powdered dried algae Nannochloropsis oculata at equal dosages (8 %), it was found [116] that DHA level (111.62 mg/egg) was significantly (p < 0.05) higher for the algae than for flaxseed (98.66 mg/egg). However, with an organoleptic evaluation of boiled eggs, the scores for fishy smell, hardness and elasticity of egg yolk in the control were significantly better than in both test groups (P < 0.001, P < 0.01 and P < 0.001, respectively), and more than half of the tasters preferred eggs from the control poultry.
Enrichment of eggs with ω-3-PUFAs to a large extent depends on the species of algae. It was reported that at 5 or 10 % of dietary dried biomass Nannochloropsis gaditana, the accumulation of ω-3-PUFAs (especially EPA) in the egg was low [117] . But in another study [118] , when feeding the preparation of dehydrated whole-cell algae (All-G-Rich, Alltech, USA) for 70 weeks of the productive period, the DHA concentration in eggs linearly and significantly (p < 0.05) increased as the dosage grew (85, 187 and 240 mg/100 g for the groups receiving 0, 1 and 2 % additives). There were no influence of algae on the intensity of egg production (84 %), the egg weight (61.5 g), feed conversion (1.59 kg per 12 eggs), egg shell weight (9.9 % of the egg weight) and strength. In general, studies on the use of algae as a source of ω-3-PUFAs in egg enrichment have yielded rather encouraging results. Possibly, over time algae will become more important as a component of feed, including that in Russia, but so far the availability of these additives is limited.
The e f fe ctive n e ss of sta b ilizin g ω-3-PUFAs with a n tio x id a n ts. It is known that dietary ω-3-PUFAs together with antioxidants promotes oxidative stabilization of lipids in the liver, meat, and egg yolk. This method allows to avoid fishy smell, although in some cases not effectively enough, especially when using fish oil [63] . In the eggs, various natural and synthetic compounds and their mixtures, carotenoids, flavone and benzoquinolone antioxidants, vitamins C, A and E, selenium, iodine, gallates, butylated hydroxyanisole and hydroxyltoluol etc. were tried as antioxidants [119] .
The most effective stabilizer of yolk lipids, enriched with ω-3-PUFAs, is fat-soluble vitamin E. Its antioxidant properties are associated with the ability to block lipid peroxidation by binding radicals of fatty acid hydroperoxides due to the formation of ether in phenolic groups and delocalization of the electron density along the aromatic structure of the vitamin fragment of the ether molecule [120] . When comparing the role of different doses of vitamin E (-tocopherol, 0, 50, 100 and 150 IU/kg feed) and butylated hydroxytoluol (BHT, 0, 50, 100 and 150 mg/kg feed) in rations with 10 % flaxseed [40] , vitamin E in all the doses, except for the lowest one, more effectively maintained the ω-3-PUFAs concentration in eggs stored at 4 C. At 50 IU/kg vitamin E and BHT doses of 50-100 mg/kg, the ω-3-PUFAs in eggs decreased by 13-17 %. It should be noted that egg concentration of vitamin E during storage also decreased. A relationship between productivity of the layers and the dose of dietary vitamin E was reported. With an increase in the latter from 27 to 50 IU, the egg production significantly (p < 0.05) increased from 94.3 to 96.1 % [53] . The addition of vitamin E at 100 IU/kg to a diet with 10 % flaxseed significantly (p < 0.05) increased the rate of SRTBA in liver of the chickens compared to those fed with flaxseed without vitamin E, providing SRTBA within the control values in the birds fed neither flaxseed nor vitamin E [59] .
Interesting results were obtained in the study of accelerated oxidation of PUFAs in vitro [121] , when the stability of ALA and DHA was evaluated in the presence of different doses of -tocopherol (0.0, 0.25, 2.5 and 5.0 mg/mg of FA) at 70 С. In the absence of vitamin E, DHA concentration decreased after 24 hours of incubation to 78.2 %, after 72 hours -to 43.0 % of the initial value, for ALA the indicators were 89.2 and 52.6 %, respectively. All the investigated doses of vitamin E increased the safety of both FA compared to the control without the vitamin, but the improvement was not as clear as could be expected, as in the experiment, unlike natural conditions, vitamin E could not restore its activity after neutralizing the oxidized FA. Thus, after 24 hour incubation, the best protection for DHA was observed at 2.5 and 5.0 mg/mg vitamin E (87.4 and 87.9 %), for ALA the doses were 0.25 and 2.5 mg/mg (99.1 % and 98.1 %), whereas 5.0 mg/mg vitamin E resulted in the percentage for ALA close to that in the control (only 90.4 %). After 72 hour incubation, the highest DHA protection with vitamin E was at 0.25 and 2.5 mg/mg (79.6 and 62.5 %), and the maximum dose (5 mg/mg) provided only 55.9 % protection. For ALA, the lowest dose of vitamin E was also more effective (94.2 % at 0.25 mg/mg and 87.4 % at 2.5 mg/mg), and at the highest dose, ALA protection did not exceed 77.0 %. These data reflect a non-linear relationship between vitamin E concentration and PUFAs stabilization (up to a decrease in stabilization of high PUFAs lipids under an excess of vitamin E), as well as a significantly higher oxidative stability of ALA in contrast to DHA.
Thus, enriching the diet of layers with sources of ω-3-polyunsaturated fatty acids (PUFAs) to increase their content in a functional egg can lead to hypolipidemia, lipidosis, a decrease in yolk weight and appearance of fishy smell. Additives based on fat of oily fish do not provide oxidative stability of long-chain (LC) PUFAs in feed, poultry and eggs, fishy smell often appears in products, and the availability and environmental safety of such additives are low. Flaxseed, oilcake and oil products are inferior because of anti-nutrients and low (compared to fish oil) LCPUFA deposition in eggs, but these additives are cheaper and more available, can provide higher oxidative stability of lipids, and caused less fishy smell of eggs. The micro-algae rich in PUFAs are perhaps physiologically optimal, but not universally available and insufficiently studied supplements. Long-term research allows to recommend maximum dietary dose in laying hen feeds of 1.5-2.0 % for fish oil, 5-8 % for flax seed or oilcake, 3 % for flax oil. An increase in the dosage can reduce productivity in laying hens. Enrichment with ω-3-PUFAs, which reduces oxidative stability of egg lipids, requires additional dietary antioxidants, of which vitamin E is most popular. A n t o n g i o v a n n i M., M i n i e r i S., B u c c i o n i A., G a l l i g a n i I., R a p a c c i n O n a g b e s a n O., B r u g g e m a n V., D e S m i t L., D e b o n n e M., W i t t e r s A., T o n a K., E v e r a e r t N., D e c u y p e r e E. Gas exchange during storage and incubation of avian eggs: Effects on embryogenesis, hatchability, chick quality and post-hatch growth. 
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